Exercise stress echocardiography (ESE) is recommended by the European Society of Cardiology guidelines for the evaluation of heart failure (HF) patients. Recently, lung ultrasound (LUS) has been proposed for the assessment of extravascular lung water through B-lines. 
Introduction
Exercise stress echocardiography (ESE) is recommended by the latest European Society of Cardiology and American College of Cardiology Foundation/American Heart Association guidelines for the evaluation of heart failure (HF) patients, in whom it may be used to identify the presence and extent of inducible ischaemia and to determine whether non-contracting myocardium is viable (class of recommendation IIb, level of evidence B).
1,2 However, *Corresponding author. Cardiothoracic Department, Pisa University, 56124 Pisa, Italy. Tel: +39 344 1132902, Fax: +39 050 995352, Email: chiarascali1@gmail.com therapy tailoring in HF patients. 5, 6 B-lines change rapidly following manoeuvres modifying intravascular volume or pressure in the pulmonary circulation: they decrease during dialysis or after diuretic challenge 7 -9 and may increase during exercise, especially in the presence of overt stress-induced LV dysfunction 10 or in patients with chronic mountain sickness. 11 These features can theoretically be exploited for diagnostic benefit during ESE in HF patients. In the presence of HF, there is a stable phase with little or no lung fluid accumulation, a lung fluid accumulation without clinical signs (with low levels of lung fluid accumulation amplified by exercise), and dramatic deterioration in patient conditions and urgent hospitalizations concomitant with a steep increase in fluid accumulation at rest. 12 The rationale for detecting B-lines with LUS at rest is to shift upstream, at an earlier stage when compared with pulmonary crackles or weight gain, the detection of lung water. Stress B-lines shift further upstream-compared with rest-the detection of lung water, which can be induced by pulmonary bed volume and pressure challenge occurring during a physiological stress such as exercise. 13 This is a general physiological concept underlying stress echo, by which the application of stress under controlled conditions can unmask structural defects which-although occult in the resting or static state-may occur under real-life loading conditions, and lead to dysfunction detected by ultrasound (such as wall motion abnormalities, or pulmonary artery pressure increase, or the appearance of B-lines). 3 The clinical and prognostic significance of exercise-induced changes of B-lines remains unsettled to date, although of great potential interest in HF patients, as suggested by recent joint recommendations of European and North-American cardiovascular imaging societies on stress echo applications outside CAD. 14 The aim of this study was to assess the functional and prognostic meaning of rest and exercise-induced B-lines during ESE and LUS in HF patients with reduced EF referred for conventional transthoracic echocardiography (TTE) and stress echocardiography.
Methods

Study population
In this prospective study, we evaluated 103 consecutive patients (27 female, 76 male; age 64 ± 12 years, mean ± SD) admitted to the Cardiology Department of Cisanello University Hospital in Pisa between March 2014 and June 2015. The inclusion criteria were: (i) age >18 years; (ii) diagnosis of HF (NYHA I-III) with reduced ventricular function (EF <45% by 2-D echocardiography) and satisfying the European Society of Cardiology guidelines; (iii) no severe mitral regurgitation; (iv) capable of exercising; (v) enrolment in a regular follow-up programme in our outpatient clinic; and (vi) absence of congenital heart disease.
A total of 130 patients meeting these criteria were initially considered. From these, 27 were discarded because of a poor TTE acoustic window at rest (n = 10) or during stress (n = 6), presence of prognosis-limiting concomitant disease, such as advanced cancer (n = 8), and unwillingness to give their informed consent (n = 3). No patient was discarded due to a poor LUS acoustic window either at baseline or during stress.
All remaining 103 patients were either outpatients of the HF clinic (n = 72) or inpatients evaluated following stabilization (n = 31).
underwent: (i) resting TTE and ESE (with LUS); (ii) a venous sample taken for B-type natriuretic peptide (BNP) analysis before stress echocardiography; and (iii) cardiopulmonary exercise testing measuring the peak oxygen uptake (VO 2 ) normalized for body weight (mL O 2 /kg/min). Cardiopulmonary testing was performed in the upright position, on a different day and within 3 days of the semi-supine ESE. These examinations are an established part of the risk stratification strategies in patients with HF. 1,2 Written informed consent also allowing scientific utilization of observational data, respectful of privacy rights, was obtained from all patients before clinically driven testing. The study protocol was reviewed and approved by the institutional ethics committee.
Baseline transthoracic echocardiography examination
All patients underwent comprehensive TTE at rest using conventional methods with a commercially available ultrasound machine (IE 33, Philips, Medical Systems, Andover, MA, USA) equipped with a 2.5-3.5 MHz phased-array sector scan probe second harmonic technology and coupled with tissue Doppler imaging. Left ventricular end-diastolic diameter and EF were measured by modified biplane Simpson's method according to the American Society of Echocardiography (ASE) and European Association of Cardiovascular Imaging (EACVI), and adjusted for body surface area. 15 Diastolic function was determined from the pattern of mitral and pulmonary venous flow velocities measured by pulsed Doppler echocardiography and complemented by septal and lateral mitral annular velocity measured by tissue Doppler imaging. The LV filling pressure was estimated from the E/e' ratio. The degree of diastolic dysfunction was semi-quantified from absent to severe (score 0-3) with an integrated assessment. The systolic pulmonary artery pressure (sPAP) was derived from maximal velocity of the tricuspid Doppler regurgitant jet, adding the value of the right atrial pressure estimated on the basis of the inspiratory collapse index of the inferior vena cava (IVC). We added a right atrial pressure of 3 mmHg (IVC diameter <2.1 cm, collapsing >50% with a sniff), or 15 mmHg (IVC diameter >2.1, collapsing <50% with a sniff), or 8 mmHg (intermediate scenarios). The same value calculated at rest was added at peak stress to obtain sPAP from the tricuspid regurgitant jet velocity. The degree of mitral regurgitation was semi-quantified from absent to severe (score 0-3) with an integrated assessment of colour flow regurgitant jet, proximal isovelocity surface area, and vena contracta as recommended by the EACVI. 16 
Lung ultrasound
A B-line was defined as a discrete laser-like vertical hyperechoic reverberation artefact that arises from the pleural line extending to the bottom of the screen without fading and moving synchronously with lung sliding. 17 We analysed the anterior and lateral hemithoraces, scanning along the parasternal, midclavicular, anterior axillary, and midaxillary lines, as previously described. A total of 28 chest sites were scanned, and the total number of B-lines was recorded as the cumulative B-line score. 4, 6 Detailed description of the scanning procedure and scanning sites is also available in a 2-min movie from our laboratory on YouTube (The incredible ULCs -ultrasound lung comets. Available at http://www.youtube.com/watch?v=7y_hUFBHStM; accessed 15 March 2016). The sequence of scanning sites and an example of B-lines scoring is shown in Figure 1 . The exercise LUS study was started at the end of exercise, after TTE imaging at peak exercise. The patient was in the left semi-supine position for TTE. LUS scanning was performed in the supine position at rest (before exercise) and soon after exercise (with the patient again resuming the supine position).
The intra-and interobserver variability of the B-line scores was assessed by two independent observers (M.C.S. and A.S., who had received standardized training and had extensive experience in joint reading) in a set of 20 consecutive patients resulting in 5% and 6% at rest, and 5% and 8% at peak stress, respectively. The between-observer and within-observer correlation coefficients were R = 0.99 and R = 0.98 at rest, and R = 0.99 and R = 0.99 at peak stress, respectively.
The readers were blinded to clinical status, laboratory and cardiopulmonary testing data, and echo results were entered in the data bank at the time of testing.
Exercise stress echocardiography
All patients underwent semi-supine bicycle ESE according to the protocol recommended by the European Association of Echocardiography (EAE) guidelines. 18 Graded cycling was performed starting at an initial workload of 20 W and lasting for 2 min; the workload increased stepwise by 10 W at 2-min intervals. The ECG and blood pressure were continuously monitored. Criteria for interrupting the test were
severe chest pain, diagnostic ST-segment shift, fatigue, excessive blood pressure increase (systolic blood pressure ≥240 mmHg, diastolic blood pressure ≥120 mmHg), limiting dyspnoea, or maximal predicted heart rate. The maximum rate-pressure product (heart rate × systolic blood pressure) and exercise time (in minutes) were also evaluated. Echocardiographic imaging was performed from the parasternal long-axis view, short-axis view, four-chamber view, and three-chamber view, using conventional 2-D echocardiography. The wall-motion score index was calculated in each patient at baseline and peak stress, according to the recommendation of the ASE/EAE from 1 (normal) to 4 (dyskinetic) in a 16-segment model of the left ventricle. All doctors and nurses involved were trained in Basic Life Support and Advanced Cardiac Life Support.
Follow-up data
The primary endpoint was the time to first occurrence of HF hospitalization, myocardial infarction, or all-cause death (one composite endpoint per patient). Follow-up data were obtained from at least one of four sources: (i) review of the patient's hospital record; (ii) personal communication with the patient's primary care physician and review of the patient's chart; (iii) a telephone interview with the patient conducted by trained personnel; and (iv) a staff physician visiting the patients at regular 3-month intervals in the outpatient clinic. The follow-up was stopped on 31 October 2015. All patients missing the regularly scheduled quarterly visit in our HF outpatient clinic were contacted by phone either directly or through their primary care physician. Events were pre-defined as death, re-hospitalization for acute HF (defined as new onset or worsening, gradual or rapid, of signs and symptoms of HF that require urgent therapy and result in hospitalization), or acute myocardial infarction. Review of hospital records was needed in the case of death or admission to another hospital. Each event was independently reviewed by two cardiologists. Myocardial infarction was adjudicated on the basis of serial changes of ECG, creatine kinase, and troponin. When the first two cardiologists disagreed, events were adjudicated by one senior cardiologist (M.M.) with extensive experience in endpoint adjudication. All three assessors were blinded to clinical, BNP, TTE, and LUS results.
Statistical analysis
Data are expressed as mean ± SD (for normally distributed data), median and interquartile (25th, 75th) range (for non-normally distributed data, such as B-lines or BNP), or percentage frequency (for categorical data). Log-transformed data were used for BNP concentrations.
Non-parametric Spearman's correlation coefficient analysis was used to assess the relationship between resting B-lines and BNP, as well as the relationship between stress B-lines and BNP, peak VO 2 , stress EF, stress E/e', stress mitral regurgitation, and stress sPAP. One-sample comparisons were performed using paired t-test if variables were normally distributed, the Wilcoxon signed rank test for non-normally distributed data, and the 2 test for categorical data. Survival curves were estimated with Kaplan-Meier curves. Differences in survival curves were analysed using the likelihood ratio test.
Multivariable analyses were conducted with two separate approaches. In the first approach, variables associated with outcomes were selected using a backwards stepwise method based on a conditional selection procedure. Univariable analyses by Cox proportional hazards models were performed to assess the association between each candidate variable and outcome. A significance of P < 0.10 was required for a variable to be included in the multivariable model, while P < 0.10 was the cut-off value for exclusion. The resulting multivariable model has been checked for its underlying assumptions. Non-proportionality was assessed using the Grambsch and Therneau test. Interactions were evaluated using the Akaike Information Criterion. The linearity of associations between each continuous predictor and the outcome was assessed by testing the contribution of the non-linear terms to a cubic spline transformation.
In the second approach, a multivariable model has been built and evaluated on a clinical basis. We analysed the data according to a modified, clinically realistic stepwise procedure, where the variables were included in the multivariable model according to the diagnostic pathway followed by the cardiologist, starting from the base clinical information. Age, gender, diabetes, inpatient status, and estimated glomerular filtration rate were entered irrespective of their significance at the multivariable selection procedure.
In this modified, clinically realistic procedure, we analysed clinical variables first, BNP second, peak VO 2 third, and stress B-lines last (or stress B-lines third and peak VO 2 last). No statistical selection was made on the variables considered in this approach. The incremental value of each parameter was tested with the log-likelihood test. Predictive ability of each of the resulting models was based on the integrated discrimination improvement (IDI) and net reclassification improvement (NRI) methods. 19 Hazard ratios (HRs) with the corresponding 95% confidence intervals (CIs) were estimated. A receiver operating characteristic analysis was used to obtain the best prognostic predictor for rest and stress B-lines using the Hagerty and Pepe approach. Statistical significance was set at P < 0.05. All analyses were conducted with the Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA, version 12), GraphPad Prism version 6 (GraphPad Software Inc., San Diego, CA, USA), and the R system 20 with survIDINRI libraries.
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Results
The main clinical characteristics and spiroergometry data of the study population are listed in Table 1 . The resting and peak stress echocardiographic features are described in Table 2 .
The feasibility of the LUS examination for the diagnosis of pulmonary congestion was 100% and the time needed for echocardiographic lung examination was <3 min in all patients both at rest and at peak stress. Acquisition of B-lines started after 1-15 s (median 9 s) and was completed after 45-155 s (median 95 s) after the end of exercise.
The overall number of B-lines increased from (median, interquartile range) 5 (0-10) at rest to 12 (0-45) at peak stress (P < 0.0001) (Figure 2) . There is an obvious increase in median value, with marked individual variability.
The correlation between resting BNP values and number of B-lines (x-axis) was closer with stress B-lines when compared with resting B-lines (Figure 3) . Stress B-lines were tightly correlated with peak VO 2 (Figure 4) , and with EF, mitral regurgitation, sPAP, and E/e' at peak stress ( Figure 5 ).
Prognostic data
No patient was lost to follow-up. During a median follow-up of 8 months (first quartile, 6; third quartile, 11), 37 patients had a . cardiac event: 10 died, 23 were re-hospitalized for acute HF, and 4 had a non-fatal myocardial infarction. Both rest and stress-induced B-lines were predictors of all events at univariate but not at multivariable analysis (Table 3) . With a receiver operating characteristic analysis, stress B-lines ≥30 was the optimal threshold for predicting mortality (area under the curve 0.83, 95% CI 0.75-0.90; sensitivity 100%, specificity 73%), and all events (area under the curve 0.99, 95% CI 0.95-1.00, sensitivity 92%, specificity 98%) ( Figure 6, lower panels) , whereas the best cut-off for resting B-lines was 8 for both death (area under the curve 0.83, 95% CI 0.74-0.89, sensitivity 100%, specificity 73%) and all events (area under the curve 0.98, 95% CI 0.93-1.0, sensitivity 92%, specificity 98%) ( Figure 6, upper panels) . With Kaplan-Meier analysis, 12-month survival was 100% in patients with stress B-lines <30, and 72% in patients with stress B-lines ≥30 (log-rank 17.9; P < 0.0001) (Figure 7, left panel) , while 12-month event-free survival was 95% in the former and 7% in the latter (log-rank 100.6; P < 0.0001) (Figure 7, right panel) .
At interactive, clinically driven analysis, stress B-lines did not provide a significant step-up of prognostic information for all events over clinical parameters, BNP, and peak VO 2 ( Figure 8, left panel) . When stress B-lines were considered after clinical parameters and BNP, they provided some additional information, further increased by peak VO 2 ( Figure 8, right panel) . 
Discussion
In patients with HF, exercise induced an increase in EVLW mirrored in the number of B-lines. Patients with more stress B-lines have worse functional status, as indicated by higher values of resting plasma BNP and lower maximal oxygen consumption during cardiopulmonary exercise testing. B-lines during stress predict new hospital readmission and death during the follow-up. They provide additive and complementary information compared with other established prognostic predictors such as cardiac natriuretic peptides, refining the information provided by resting B-lines. 22 
Mechanisms of B-lines during stress
B-lines represent a useful and simple way to assess the presence of EVLW and its variation during exercise. 10, 11 In healthy subjects, exercise determines only a small increase in pulmonary capillary wedge pressure (PCWP) and pulmonary artery pressure without consequences in the pulmonary vascular bed. In patients with significant LV dysfunction, exercise may increase LV end-diastolic filling pressure and PCWP. An increase in capillary pressure above 17 mmHg increases water transfer from the vascular to the extravascular compartment, exceeding the attractive force of the oncotic pressure and resulting in a net increase of EVLW. In our population, we observed a significant correlation between B-lines during stress and peak stress E/e' (a proxy of LV filling pressure) and-more tightly-with sPAPs, supporting this interpretation. The non-physiological abrupt increase in capillary pressure may determine ultrastructural changes in the walls of pulmonary capillaries resulting in a high permeability type of pulmonary oedema. 23 
Comparison with previous studies
The scanning time was <3 min, and the sum of scanning and analysis time was <5 min.
The high feasibility (100%) and short scanning time are consistent with previous reports on exercise LUS, 10 since in these . Several studies have demonstrated the presence of resting B-lines in HF patients, their unfavourable prognostic meaning, and their correlation with established markers of severity such as increased plasma concentration of cardiac natriuretic peptides, raised sPAP, and decreased exercise capacity at the 6-min walking test. 24 -30 However, only one study evaluated B-lines during exercise, showing a mild increase from 5 at rest to 11 at peak stress in a large, unselected population of 90 patients with mean EF of 41%. 10 In spite of its clinical potential, the study by Agricola et al. dates back to 2006 and remained an isolated report in the literature. Our study confirms and expands the observation to a larger, more diseased, and strictly selected population of HF patients with reduced EF. In addition, we also presented a comparison with resting cardiac natriuretic peptides and spiroergometry findings which are established prognostic predictors in HF patients and were not available in Agricola's report. We focused on a patient population of HF patients with overt LV dysfunction in whom LUS is more likely to provide relevant information, as also suggested by recent EAE/ASE guidelines on the use of stress echo outside CAD.
14 As further, novel information, we showed that the worsening of B-lines during stress is substantially more malignant than the presence of B-lines at rest. This is a specific aspect of a general rule in stress echo, when the stress-induced worsening of any resting abnormalities (from wall motion to mitral insufficiency) portends a worse prognosis than when the same abnormalities are fixed, present at rest, but unmodified by stress. 3 The stress evaluation assesses the instability of the sign, and is a marker of vulnerability to subsequent events. Interestingly, the observed events were readmissions for worsening of HF but also acute ischaemic syndromes (such as myocardial infarction). The lung water acute accumulation during exercise may increase patient vulnerability to all forms of clinical instability (haemodynamic, ischaemic, and electric) possibly through the impairment of oxygen exchange and myocardial tissue perfusion. 
Study limitations
The detection of B-lines does not necessarily imply their cardiogenic origin, though we made an effort to exclude confounding factors such as pulmonary fibrosis. 31 An acute increase during exercise almost certainly witnesses the cardiogenic origin and water nature, since dynamic changes in fibrotic B-lines cannot occur within minutes. We used the state-of-the-art semiquantitative scoring of B-lines, although several software-based methods have recently been proposed. 32 However, the online assessment still remains the simplest, fastest, and the only clinically feasible way to assess B-lines. It is equally accurate in the hands of expert and novice sonographers after a brief orientation training. 33, 34 Patient positioning can impact on LUS findings, with a higher number of B-lines present in the supine compared with the sitting position. 35 However, we always used the same position to assess B-lines at rest and peak stress.
We excluded patients with NYHA class IV, in whom a further prognostic stratification can be of critical value. In our laboratory, these patients are preferentially referred to pharmacological stress testing, which is the test of choice to assess contractile reserve and, in these patients, less technically demanding than exercise since pharmacological stresses are associated with a better quality of echo images during stress. 3, 14 Some patients were excluded at the enrolment and screening phase, mainly due to an inadequate acoustic TTE window at rest or during stress. The exclusion of these patients might have introduced a bias, but the aim of the study was to assess the functional significance of stress B-lines, and this would have been difficult without TTE stress information. However, on the basis of the findings of the present study, a limited LUS stress, even without TTE, would be justified.
We have no information on invasive haemodynamics in the present study. However, previous studies show that B-lines have a weak relationship with wedge pressure 33 Previous studies have shown that a four-region scan can save time and offer similar information compared with a more time-consuming 28-region scan when the endpoint is the quantification of EVLW. 36, 37 However, we chose to adopt the 28-region scan in order to have a wider dynamic range of response-which can be important for prognostic stratification 24, 28 -and because this is the currently recommended methodology standard. 6, 14 In addition, the scanning time requires <3 min even in the extended version and can be performed before and soon after exercise, in this way not interfering with acquisition of echocardiographic parameters at peak stress. Nevertheless, it might be feasible and convenient to concentrate on a few selected sites, since HF water tends to appear selectively in some hot spots, such as the right third intercostal space. 4 Further experience is needed to assess if a large (28 regions), medium (eight or four regions), or small (one or two regions) acquisition size may provide, after all, similar diagnostic and prognostic information. The assessment of the prognostic value of B-lines during exercise is based upon a relatively small sample size of 103 patients observed with a relatively short median follow-up of 8 months.
We did not include HF patients with preserved EF, since the only established indication for ESE in HF is 'to determine whether non-contracting myocardium is viable' in patients with depressed EF whereas ESE applications for diastolic stress testing are considered 'emerging' but not established. 2 In the ongoing multicentre validation study of stress B-lines within the Stress echo 2020 study endorsed by the Italian Society of Echocardiography, 38 a specific subproject will also address the subset with HF and a preserved EF. 39 Stress B-lines enjoy the usual advantages of cardiac ultrasound over competing techniques well outlined in the European Society of Cardiology HF guidelines: wide availability, portability, no radiation, and low cost. 2 Stress echo also has limitations, mainly the dependence upon the acoustic window and the subjective and qualitative nature of wall motion interpretation. 2 However, these disadvantages apply to classic TTE-based stress echo more than to stress B-lines testing. 3 In fact, the chest acoustic window remains open even when TTE is technically prohibitive, and B-lines are much easier to acquire and to measure, even by unexperienced sonographers, than wall motion analysis. In our study, in the screening phase, 16 patients had to be excluded for poor quality resting or stress TTE images, and none for poor quality or uninterpretable B-lines.
Conclusions
B-lines are a reliable and inexpensive tool for the assessment of pulmonary congestion in patients with HF, both at rest and during exercise. By counting B-lines, the reduction in exercise capacity due to increasing EVLW can easily be differentiated by other causes, including interstitial lung disease, physical deconditioning, anaemia, etc. Patients with ≥30 B-lines during stress usually have higher functional impairment at baseline and during stress and a higher chance of transition to acute decompensated HF and other events in the short-term follow-up. However, the small number of major events, particularly deaths, prohibits adequate covariate adjustments, and a larger study is needed to corroborate the prognostic findings. Assessment of B-lines is simple, fast, radiation free, and inexpensive, and may eventually prove useful in the evaluation of all patients with HF and depressed EF referred for ESE. Conflict of interest: none declared. Authors' contributions. M.C.S. had the original idea, drafted the protocol, acquired the majority of stress echocardiographic data, and drafted the original version of the manuscript; L.C. and D.G. performed the data analysis and revised the manuscript for critical contribution; A.S. contributed to stress echo studies and follow-up data collection, and revised and approved the final manuscript; M.M. is responsible for the clinical Department where the studies took place and gave a critical contribution to drafting the protocol and revising the manuscript; E.P. substantially contributed to drafting the protocol, data interpretation, and revising the manuscript. All authors approved the submitted version of the manuscript.
